This article deals with the analysis of formability of heat resistant steel type 9Cr-1Mo by physical laboratory simulation -hot compression test. The 9Cr-1Mo steel belongs to modern 9%Cr tempered martensitic steel for high-temperature applications in advanced thermal power plants. The shape of the sample was defined based on numerical simulations. The laboratory simulation of forming process called physical simulation -specifically hot compression test was realized in the temperature range from 500 to 950
Introduction
The improvement of thermal efficiency by increasing the operating temperature and pressure of boilers has recently led to the development of new grades of creepresistant steels [1] . Shi et al. [2] showed that modified 9-12% Cr steels improved properties of heat-resistant steels. The 9Cr-1Mo steel represents tempered martensitic steel with complex alloying assuring transformation, solid solution, and precipitation strengthening at elevated temperatures [2] . Mechanical properties are examined in the literature [3, 4] . It is used for thick section components of steam generators operating in the temperature range 550-650
• C. The presence of precipitated particles formed in the microstructure of 9Cr-1Mo steels during annealing may cause the formation of the voids during plastic deformation [5] . 9Cr-1Mo steel is suitable for welding, and there are several impact studies about the correlation between microstructure and conditions of welding with others materials and post-weld heat treatment [6, 7] . Workability and fracture limit criterions have not been determined yet. Because many kinds of alloying elements exist in the steel, and the microstructure evolution is complicated during hot working, it is difficult to establish the hot working regime [2] . Workability can be defined as the degree of deformation that can be achieved in a particular metalworking process without creating undesirable condition and defects [8] . Oh et al. [9] have modified a Cockroft-Latham criterion for uniaxial stress through normalizing of maximum principal tensile stress. A normalized Cockroft-Latham criterion (nCL) is described by Eq. (1):
whereσ [MPa] -effective stress, C 1 [MPa] -material constant [10] . On the basis of the knowledge of material constant C 1 there can be characterized workability of the material [10] . Using those criteria and values we expect of fracture, but these mathematical simulations should be verified physically and thus accurately determined their value and terms of workability of the material [11, 12] .
The aim of this paper is an evaluation of workability by physical simulation -hot compression test. The sampling shape was designed according to the results of the mathematical simulations [13] [14] [15] . Cracks formed in the notches are assessed. After the test, the relationship between the compression temperature, strain, and crack length was defined.
Experimental material and methods
The chemical composition given by Table I represents heat-resistant 9Cr-1Mo steel grade used for physical simulations. The shape of samples was selected by numerical simulations in Deform 2D/3D. Conditions of numerical simulations were as follows: both anvils were rigid, upper anvil movement speed was 0.66 mm/s, workpiece (sample) was isotropic and plastic with 9Cr-1Mo material properties, used FEM mesh had 32 000 elements. Used material properties in numerical simulation are from Deform 2D/3D material database. The final sample shape tapered type with four axial notches has been identified as the most suitable form of the sample given the maximum value in the nCL criteria compared to other types of samples according to the literature [13] . In fact, for physical simulations the shape of sample was brought into line with the requirement of the testing machine, Fig. 1a ,b.
Physical simulation means the laboratory test with conditions compatible with the real forming process. In other words, the hot compression test was realized in the temperature range T ∈ 500; 950 [
• C] and total deformation was ε ∈ 39; 52 [%] which copy the actual processing conditions of experimental material. During the laboratory tests, the value of upper anvil moving D h [mm] and the force that the upper anvil acts on sample F [N] were recorded. The upper anvil movement speed was consistent with movement speed from numerical simulations (0.66 mm/s). Based on these data the following data were determined: actual height of samples at any time h x [mm], the actual area at which the force F operates at any time S x [mm 2 ], the actual stress σ true [MPa] and the true strain ϕ.
Results
During the testing, samples were deformed not ideal; there was a slope of the sample. The simulation of the actual course of deformation is shown in Fig. 2 , corresponding nCL = 0.504 criterion in the value of ε = 66%. These values are comparable to the nCL criterion for conditional simulation under ideal conditions. The highest tensile stress in notches presents in the direction of the "slant" samples. Because of the possibility of workability comparing, cracks in notches that are deformed into the shape of the letter "S" are included. For the evaluation of the experiment each crack was assessed, depending on temperature and strain. The crack lengths were measured by AxioVision Microscope software, Fig. 3 . In Fig. 4 there is shown a graphical representation of the average length of cracks arising in the notch "S". Evaluation was done in two ways -mean of cracks length and sum of cracks. Zero values are assigned to samples in which there has been no violation of integrity. The two waveforms have a similar pattern, in the temperature range of 700-900
• C it is a local minimum, which corresponds to the assumption of the numerical simulations, since in this temperature range the nCl criterion has the lowest value. At 900 • C, a gradual increase in the value is visible and on the samples cracks again are observed.
To include the size of the total impact of strain on the length of the cracks there were evaluated graphs of the average of the sum of the lengths to compression temperature and strain measured during experiment. In the first case, a graph of the mean of cracks lengths depending on compression temperature and total strain is shown in Fig. 5 . The dependence can be described by the following Eq. (2), parameters of empirical models were determined by the least squares method mean = −1.5724 + 7.0569 × 10
(2) The residuum (the sum of the squared residuals) for Eq. (2) is 2.8272. Figure 6 shows the dependence of the sum of cracks lengths on compressing temperature and total strain. Previous Eqs. (2) and (3) are mathematical dependence of the crack length on the forming temperature and the total material strain. Based on these equations, it can be assumed what forming conditions may cause the material failure.
From both graphs, Fig. 5 and Fig. 6 , there can be formulated the conclusion that with increasing temperature and increasing deformation, increases of the length of cracks are formed in the notch.
Discussion
In Fig. 7 is a graphical representation of the size of cracks on the temperature and the relative deformation. Square marked samples are those on which has been no violation of integrity. Fig. 7 . The evaluation of cracks depending on the temperature T and the strain ε.
On the round marked samples, some cracks were visible, but they were mostly superficial and delicate. Cross marks show the sample, on which there were seen large and deep cracks. The graph shows the not suitable area for the forming of material, where the strain is greater than 47% along a temperature below 650
• C. In the temperature range from 560 to 800
• C and at deformation higher than 51%, it is seen that this area can be considered as a suitable temperature range for forming the steel 9Cr-1Mo. The integrity of materials without breaking was observed.
It is possible to continue the further experiments because the proportions of selected sample at the interface between the tool and the sample were shown to be not very satisfactory. The sample is actually deformed at the same bevel angle, the expected course of deformation has not been achieved. The flatness of the upper and lower base of the sample after compression maintain, so we can eliminate misalignment dies during the test. It can be assumed that if a greater content of the base area and the sample was created, the problem in the test could be removed. However, samples dimensions should be designed according to the requirements of the device and also take into account the dimensions of dies and maintain the required ratio between the area and the base area dies samples.
Given the course of a hot compression test, it was not possible to determine strain into first violations. The simulation, which has been calculated and adapted to the actual behavior of the sample during the test, is not indicative of the value of the actual deformations.
Conclusions
• Based on experimental test results it can be said that the increase of compression temperature causes decrease of tensile strength of the material.
• The more appropriate parameter for assessing the dependence of crack length from temperature and strain is the sum of all lengths incurred at the sample.
• The sum of lengths of cracks in the sample depending on temperature and strain with increasing temperature decreases to a certain point, which amounts to a minimum and then increases again.
• The suitable workability corresponds to the temperature range 650-900
• C, it agrees with results of numerical simulations.
• At a temperature of 900
• C there is marginal relative deformation without rupture ε = 39.9%, which corresponds to the value according to simulations NCL criteria 0.501.
• It is possible to continue to develop the size and shape of the sample to avoid the bevels during the test.
• Changes of microstructure dependence on temperature and total strain requires further investigations.
